Recent studies of the genetic code by the use of synthetic polyribonucleotides in a subcellular E. coli amino acid incorporating system1-4 have raised the question of whether or not the results obtained can be applied to other species. In preliminary studies, other investigators were unable to obtain polyuridylic acid (poly U) stimulation of phenylalanine incorporating in a subcellular rat liver system,2' 5 though an effect was obtained in a mixed system, employing E. coli supernatant and rat liver ribosomes.2 In collaboration with Dr. Elliott Osserman, we have recently developed a subcellular amino acid incorporating system obtained from a plasma cell tumor of C3H mice.' During the course of these studies, it was found that poly U caused up to a 40-fold stimulation of phenylalanine incorporation by extracts of this tumor. The purpose of this paper is to describe the characteristics of this phenomenon. Studies demonstrating a poly U stimulation of phenylalanine incorporation in extracts of a human plasma cell tumor, a rat tumor, normal rat and mouse liver, and rabbit reticulocytes are also described.
Recent studies of the genetic code by the use of synthetic polyribonucleotides in a subcellular E. coli amino acid incorporating system1-4 have raised the question of whether or not the results obtained can be applied to other species. In preliminary studies, other investigators were unable to obtain polyuridylic acid (poly U) stimulation of phenylalanine incorporating in a subcellular rat liver system,2' 5 though an effect was obtained in a mixed system, employing E. coli supernatant and rat liver ribosomes.2 In collaboration with Dr. Elliott Osserman, we have recently developed a subcellular amino acid incorporating system obtained from a plasma cell tumor of C3H mice.' During the course of these studies, it was found that poly U caused up to a 40-fold stimulation of phenylalanine incorporation by extracts of this tumor. The purpose of this paper is to describe the characteristics of this phenomenon. Studies demonstrating a poly U stimulation of phenylalanine incorporation in extracts of a human plasma cell tumor, a rat tumor, normal rat and mouse liver, and rabbit reticulocytes are also described.
Materials and Methods.-Mice bearing the plasma cell tumor X55637 were sacrificed by cervical fracture and the excised tumor (wet weight 1-2 gm) ,vas rinsed with a few ml of cold (40C) homogenizing medium. The latter is the "standard buffer" of Nirenberg et al.1 (tris-HCl 0.01 M, pH 7.8, magnesium acetate 0.01 M, potassium chloride 0.06 M, and mercaptoethanol 0.006 M) plus sucrose 0.25 M. All subsequent procedures were performed at 40C. The tissue was minced and transferred to a Potter-Elvehjem homogenizer with the aid of one volume of homogenizing medium. After homogenizing for 45 see at approximately 1,500 rpm, employing a loosely fitting g'eflon pestle, 2 more volumes of this medium were added. The homogenate was centrifuged at 10,000 X g for 15 min and the supernatant fluid recentrifuged at 30,000 X g for 30 min. The resulting supernatant fraction (S-30) was centrifuged at 105,000 X g for 2 hr to obtain the microsomal supernatant (S-100) and microsomal (P-100) fractions. The latter was washed by suspension in the same medium and recentrifuged at 105,000 X g for 2 hr. Cell fractions could be stored for at least one week at -20'C without appreciable loss in activity. The S-30 fractions of the other tissues listed in Table 4 were prepared in essentially the same manner as that described above.
MtT/W5 is a inammosomatotropic pituitary tumor of rats8 and was kindly supplied by Dr. Jacob Furth. The human plasma cell tumor specimen was a subcutaneous tumor nodule excised from a patient with the disease multiple myeloma and was obtained through the courtesy of Dr. Elliott Osserman.
Rabbit reticulocytes were obtained by the method of Borsook et al. 9 The cells were packed by centrifugation at 4VC and the plasma and buffy coat were removed by aspiration. The remaining red cell layer, containing 85% reticulocytes, was washed by suspension in 0.9% saline and recentrifuged. The cells were then suspended in 3 volumes of standard buffer and lysed by 2 cycles of freezing and thawing. The reticulocyte S-30 fraction was prepared by differential centrifugation, as described above.
Soluble RNA (sRNA) was prepared from the S-100 fractions of both E. coli or animal cells by phenol extraction' and the aqueous layer was then exhaustively dialyzed against distilled water. The sRNA was concentrated by lyophilization and stored at -20'C.
The in vitro reaction system is a modification of that described by Nirenberg et al. ' and is given in Table 1 . Reactions were stopped by the addition of trichloroacetic acid (TCA) and the appro- (1), excluding phenylalanine, 0.0125 of each; and mouse plasma cell tumor soluble RNA, 100 pug.
As specified, the equivalent of 1.5 mg of S-30 protein, 1.4 mg of 8-100 protein, and 0.1 mg of P-100 protein were added per reaction mixture. The per cent RNA (mg RNA X 100/mg RNA + mg protein) of these cell fractions was 8.3, 4.9, and 42.0, respectively. The P-100 (microsomes) contained 6.8% of the Drotein and 60% of the RNA present in the S-30 fraction.
Samples were incubated at 350C for 30 min, deproteinized with 5% trichloroacetic acid, and the precipitates washed and counted as described under Methods.
priate C"2-amino acid to a final concentration of 5% and 0.1%, respectively. After 10 min at room temperature, they were heated at 90°for 30 min. The precipitates were then dispersed by vigorous mixing, deposited on membrane filters, and washed by suction with a 1% solution of TCA containing 0.1% of the appropriate C"2-amino acid, followed by 70% ethanol. The filters were dried and mounted on planchets. This membrane filtration procedure facilitated rapid processing of samples and gave results comparable to the procedure of Siekevitz et al. '0 Planchets were counted, with an error of less than L3%, in a low background gas flow counter with a Micromil window (efficiency of approximately 25%). In the reticulocyte studies, samples were corrected for selfabsorption; this was not necessary in the remaining studies. A reagent blank, containing all of the components of the reaction system but the cell extract, was always incubated and processed with the test samples. It contained 35 i 10 counts per minute and has been subtracted from the value obtained for each test sample. Protein and RNA were determined by previously described procedures.", 12 Phosphoenolpyruvate (PEP), potassium salt, and phosphenolpyruvate kinase were products of C. F. Boehringer and Soehne, Mannheim, Germany. Crystalline ribonuclease (RNAase) and deoxyribonuclease (DNAase) were obtained from Worthington Biochemical Co., and puromycin was supplied by Nutritional Biochemicals. Membrane filters, type A medium, were obtained from Carl Schleicher & Schuell Co., Keene, N. H., and were used in a Tracerlab precipitation device. Randomly labeled C'4-L-amino acids (listed in Table 2 ) were obtained from Schwarz Biochemical Corp. The specific radioactivity of isoleucine, phenylalanine, proline, and tyrosinQ was 1,000 Pc/mg; that of the remainder was 850 Ac/mg. The poly U used in the studies described in Table 1 was kindly supplied by Dr. Jacques Fresco of Princeton University. The poly U used in the remaining studies and polyadenylic, polycytidylic, and polyinosinic acids were obtained from Miles Laboratories through the courtesy of Dr. Richard Barton.
Results.-Stimulation by poly U of phenylalanine incorporation by extracts of the mouse plasma cell tumor: Poly U, when added to the S-30 fraction of the mouse plasma cell tumor in a complete system, caused up to a 40-fold stimulation of phenylalanine incorporation (Table 1) . In these studies, the reaction mixture contained 100 ,gg of poly U and 100 ,ug of tumor sRNA since these conditions gave maximal stimulation. In the absence of poly U, the addition of sRNA did not stimulate phenylalanine incorporation. Time course studies indicated that the poly U stimulated reaction proceeds at a linear rate for the first 8 min, by which time 90% of the final product has been synthesized. By 20 min, incorporation has ceased.
The present studies have employed a 30-min incubation period.
Fractionation of the S-30 by centrifugation at 105,000 X g for 2 hr indicated that both the microsomal (P-100) and microsomal supernatant (S-100) fractions are required for maximal activity ( Table 1 ). The residual activity in the S-100 is apparently due to contaminating microsomes since centrifugation of the S-30 for 3 hr gave an S-100 which was totally inactive.
In contrast to poly U, polycytidylic acid, polyadenylic acid, and polyinosinic acid did not stimulate phenylalanine incorporation by the S-30 fraction (Table 1) . Thus far, 14 radioactive amino acids have been tested in the mouse plasma cell tumor system (Table 2 ). It is apparent that the poly U effect is specific for phenylalanine. The slight stimulation by poly U of leucine incorporation is of interest, since a similar effect has been described in the E. coli system. 1 2 This has not been a reproducible finding in the present system and requires further evaluation. Table 3 indicates that the poly U stimulation of phenylalanine incorporation is dependent upon ATP and an ATP generating system and is completely inhibited by 2.5 Mzg of RNAase. It is partially inhibited by 5 Mug of puromycin. DNAase (2.5 Mug) had no appreciable effect. These findings are similar to those noted in the E. coli system.' Poly U stimulation of phenylalanine incorporation in other animal cell extracts: The effects of poly U on the incorporation of phenylalanine by the S-30 fractions of avarietyof mammalian cells, in addition to the mouse plasma cell tumor, are shown in Table 4 . These systems were less extensively studied than the mouse plasma Each reaction mixture contained 1.5 mg of S-30 protein from the tissue indicated, except for the rabbit reticuloc-te studies, in which this was increased to 9 mg (because of the large amount of inert hemoglobin). As specified, 100 fg of poly U and 100 pug of E. coli sRNA were added per reaction mixture. The remaining conditions (except for the sRNA) are as given in Table 1. cell tumor, but the data indicate that poly U stimulates incorporation of phenylalanine in extracts of mouse liver, rat liver, a rat tumor, rabbit reticulocytes, and a human plasma cell tumor. With the exception of the mouse liver, the poly U effect was enhanced 2-3 fold by the addition of E. coli sRNA to the complete system.
Additional studies on extracts of the human plasma cell tumor have indicated that poly U does not stimulate the incorporation of leucine, serine, or valine and that polyadenylic and polycytidylic acid do not stimulate phenylalanine incorporation. Discussion.-The present studies indicate that poly U stimulates the incorporation of phenylalanine by animal cell extracts. The general characteristics of this system are similar to those originally found in extracts of E. coli by Nirenberg and Matthaei.' The fact that of the 14 amino acids tested only the incorporation of phenylalanine was stimulated by poly U, and that polycytidylic, polyadenylic, and polyinosinic acids did not stimulate phenylalanine incorporation suggests that poly U specifically codes for phenylalanine in the mouse plasma cell tumor.
The less complete studies in extracts of rat, rabbit, and human tissue, as well as studies done in collaboration with Dr. Ruth Sager,'3 in which poly U has been found to stimulate phenylalanine incorporation in extracts of the green algae Chlamydomonas, indicate that the code for phenylalanine is the same in a variety of species. Elucidation in these systems of the code for the remaining amino acids will, therefore, be of interest. Other evidence suggesting universality of the genetic code includes: analyses of amino acid substitution data;14 the ability of E. coli sRNA to participate in hemoglobin synthesis;1' and the ability of tobacco mosaic virus RNA to direct, in extracts of E. coli, the synthesis of a protein resembling that of the virus. 16 The finding in the present studies that E. coli sRNA enhances the poly U stimulated incorporation of phenylalanine by animal cell extracts suggests that E. coli sRNA can act as transfer RNA in this reaction. The previously cited studies on hemoglobin synthesis," as well as the study of Nirenberg et al.,5 indicating that in the poly U system of E. coli the incorporation of phenylalanine is mediated via transfer RNA, lend support to this interpretation.
Previous studies indicate that in bacteria the ribosomes themselves play a nonspecific role in protein synthesis, and that specificity resides in the messenger' fraction of RNA. Since synthetic polyribonucleotides added to the E. coli system induce specific patterns of amino acid incorporation, it seems likely that these polymers act as synthetic messengers.2 The present finding that the microsomal fraction of animal cells is capable of participating in a similar process suggests that animal cell microsomes are also not fixed in their pattern of protein synthesis or that, at least under certain circumstances, they are subject to redirection. The ability of poly U to stimulate phenylalanine incorporation by reticulocyte extracts is particularly interesting since in this case the extract was obtained from a cell line which normally synthesizes predominantly hemoglobin molecules. 18 Control studies have indicated that the poly U effect in reticulocyte extracts cannot be attributed to contamination by white blood cell components.
In the most active animal cell extracts studied, the total amount of phenylalanine incorporated was approximately 0.4 mnumole of amino acid per mg microsomal protein. This compares to a value of 18 m/moles/mg ribosomal protein obtained in the E. coli system.2 In addition, the animal cell systems have a much higher requirement for poly U than that reported for the E. coli system.' These quantitative differences may be due to a higher level of degradative enzymes in animal cell extracts. Alternatively, since the in vivo rate of protein synthesis by E. coli is much greater than in animal cells, these in vitro differences may reflect the existence of unknown rate controlling factors normally operative in vivo.
All discussions of coding in these in vitro systems are predicated upon the assumption -that the energy dependent incorporation of a labeled amino acid into a product insoluble in hot trichloroacetic acid is a measure of the insertion of that amino acid, by peptide linkage, into a growing polypeptide chain. The studies which indicate that labeled amino acids, incorporated by microsomal dependent systems comparable to the present one, appear in identifiable peptides upon partial hydrolysis of the protein,'5 as well as the evidence obtained by Nirenberg and Mattaei that in the E. coli system poly U brings about the synthesis of polyphenylalanine,l would appear to support this assumption. Further characterization of the product of the poly U stimulated reaction in animal cell extracts is in progress.
Summary.-It has been found that the addition of polyuridylic acid (poly U) to a subcellular animal cell system markedly stimulates the incorporation of C14_.L. phenylalanine into a product insoluble in hot trichloroacetic acid. Polycytidylic, polyadenylic, and polyinosinic acids did not stimulate phenylalanine incorporation. Thus far, 13 other amino acids have been tested and no appreciable stimulation by poly U observed. The poly U effect requires the presence of both the microsomal and microsomal supernatant cell fractions. It is dependent upon ATP, inhibited by RNAase and puromycin, and resistant to the action of DNAase. The relevance of these findings to the questions of universality of the genetic code and of the specificity of microsomes in animal cell systems is discussed.
